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Organ formation and maintenance depends on
slowly self-renewing stem cells that supply an inter-
mediate population of rapidly dividing progenitors,
but how this proliferative hierarchy is regulated is un-
known. By performing genome-wide single-cell and
functional analyses in the cortex, we demonstrate
that reduced Sox2 expression is a key regulatory
signature of the transition between stem cells and
rapidly dividing progenitors. In stem cells, Sox2 is
expressed at high levels, which enables its repres-
sion of proproliferative genes, of which Cyclin D1 is
the most potent target. Sox2 confers this function
through binding to low-affinitymotifs, which facilitate
the recruitment of Gro/Tle corepressors in synergy
with Tcf/Lef proteins. Upon differentiation, proneural
factors reduce Sox2 expression, which derepresses
Cyclin D1 and promotes proliferation. Our results
show how concentration-dependent Sox2 occu-
pancy of DNA motifs of varying affinities translates
into recruitment of repressive complexes, which
regulate the proliferative dynamics of neural stem
and progenitor cells.
INTRODUCTION
The generation of differentiated progeny in the cortex ultimately
relies on a limited population of stem cells. However, the number
of cell divisions required to generate such large quantities of neu-
rons and glia cannot only be dependent on the differentiative,
asymmetric divisions of these stem cells, as the mitotic burden
could lead to fatal genetic errors in this long-lasting precursor
population. Rather, general defining features of stem cells are
their capacity to be maintained in a slowly dividing state, to pre-
serve the stem cell pool over time, as well as their contribution to
a transient population of intermediate progenitors that are
committed to differentiation (Mamber et al., 2010; Takashima
et al., 2013; Tiede et al., 2007). However, how the proliferative
dynamics of stem and progenitor cells are regulated in the cortex
has remained elusive.
The germinal region of the developing cortex consists of
cells with stem cell-like properties, termed radial glia cells1908 Cell Reports 9, 1908–1920, December 11, 2014 ª2014 The Aut(RGCs), and their more differentiated progeny, intermediate
progenitor cells (IPCs) (Molyneaux et al., 2007). In the cortex,
neural cells become committed to differentiation through the
sequential expression of proneural basic-helix-loop-helix
(bHLH) proteins such as Ngn2 and the IPC transcription factor
Tbr2. Subsequently, differentiating cells exit the cell cycle, up-
regulate postmitotic neuronal subtype-specific proteins, such
as Tbr1 or Cux1, and migrate into the appropriate cortical
layer. Wnt/b-catenin signaling is ongoing in cortical precursor
cells and is involved in regulating RGC and IPC cell-cycle ki-
netics (Woodhead et al., 2006). Increasing canonical Wnt
signaling, through stabilization of b-catenin protein, stimulates
cell-cycle progression in the developing cortex and spinal
cord (Chenn and Walsh, 2002), in part by activating the expres-
sion of D-type cyclins (Megason and McMahon, 2002).
Concomitantly, removal of Wnt/b-catenin signaling decreases
proliferation of cortical precursors and results in premature
commitment to neuronal differentiation (Machon et al., 2003;
Zechner et al., 2003).
High-mobility group (HMG) box transcription factors of the
Sox family are intrinsic determinants that have been implicated
in the regulation of stem and progenitor cell proliferation (Korm-
ish et al., 2010). Members of the SoxB1 group of proteins
(Sox1–3) are expressed in all neural precursors cells (NPCs) in
the CNS (Pevny and Placzek, 2005). They share a high degree
of amino acid identities, both within and outside the HMG
domain, and exhibit extensive functional redundancy (Miyagi
et al., 2009). Analyses conducted both in the developing and
adult CNS demonstrate that SoxB1 protein function is both suf-
ficient and a prerequisite to maintaining cells in a mitotically
active precursor state (Sarkar and Hochedlinger, 2013). Despite
this fact, overexpression or misexpression of SoxB1 proteins in
immortalized cells in vitro has actually been shown to reduce
their proliferation rate (Cox et al., 2012; Otsubo et al., 2008),
while removal of one of the SoxB1 genes, Sox2, causes quies-
cent Muller-glia progenitors in the adult mouse retina to
become mitotically active (Surzenko et al., 2013). However,
the mechanisms by which differences in Sox2 expression levels
can alter a cell’s cell-cycle kinetics are not understood. Inter-
estingly, in the developing mouse cortex, the level of Sox2
expression decreases among progenitor cells as they progress
through neurogenesis. Cortical RGCs, with stem cell features
such as multipotency and neurosphere-forming capacity, ex-
press higher levels of Sox2 compared to Tbr2+ IPCs, which
are committed to differentiation (Hutton and Pevny, 2011), whilehors
both these cell populations express higher levels of Sox2 than
postmitotic cells expressing the neuronal marker Tbr1 (Hutton
and Pevny, 2011). However, whether differential expression of
Sox2 has a function in regulating the proliferation or differentia-
tion of stem and progenitor cells in the developing cortex is not
known.
In this study, we have used functional and genome-wide ap-
proaches to characterize how cell-cycle progression of RGCs
and differentiating IPCs is regulated in the mouse cortex. We
demonstrate that high levels of Sox2 demarcate stem cell-like
RGCs, which are not yet committed to differentiation, and main-
tain these cells in a slowly self-renewing state by suppressing the
expression of Cyclin D1. Upon differentiation, proneural bHLH
factors decrease Sox2 expression, which results in derepression
of Cyclin D1 expression, commitment to proliferation, and the
transition to an IPC state. Together, our results imply that the
dosage-dependent regulation of stem and progenitor cell prolif-
eration by Sox2 is a general mechanism in the developing and
adult CNS and that it is vital for the ability of neural cells to be
maintained in an undifferentiated state.
RESULTS
High Levels of Sox2 Expression Demarcate
Slow-Cycling NPCs
To examine how the proliferation of stem and progenitor cells is
regulated in the embryonic cortex, we first defined the molecular
signatures of 96 NPCs by single-cell RNA sequencing (RNA-seq)
(Picelli et al., 2013; Figure S1A). Profiling of the NPCs, using prin-
cipal component analysis (PCA; component 1 and 2 scores), re-
vealed that cells separated relative to their progression through
differentiation, such that cells expressing above-average levels
of Sox2, or the RGCmarker Pax6, grouped separately from cells
expressing high levels of the early panneuronal marker Tubb3
(Figure 1A). Similarly, along a single PCA axis (component 2),
cells expressing the highest levels of Sox2 grouped separately
from cells expressing higher levels of differentiation genes,
such as Dll1 and Tubb3 (Figure 1B). By separating cells at
different positions along the PCA axis into four bins of 24 cells
(B1–B4), we found that proliferation genes, including those en-
coding cyclins, PCNA, and the cell-cycle licensing factor
Mcm4, were more highly expressed in the more differentiated
compartment of the PCA (Bin2) compared to that in which the
highest levels of Sox2 were found (Bin1) (Figure 1C; Figure S1B).
Gene ontology (GO) term enrichment of the genes most highly
expressed within each bin revealed that genes associated with
DNA replication were specifically enriched in Bin2, while
neuronal terms were enriched in Bin4 (Figure 1D). Thus, these
analyses provide evidence that Sox2 is expressed at its highest
levels in cortical NPCs uncommitted to neurogenesis and that
the level of Sox2 decreases in differentiating cells as they upre-
gulate genes promoting cell-cycle progression.
In the embryonic day 13.5 (E13.5) cortex, all Sox2+ cells ex-
pressed the proliferation marker Ki67 (Figure S1C), while cells
labeled by an 1 hr pulse of bromodeoxyuridine (BrdU), which in-
corporates into DNA during S phase, were much more likely to
be found in cells expressing the lowest levels of Sox2 (Figures
1E–1H). When divided into two groups based on Sox2 expres-Cell Resion levels, the fraction of BrdU-labeled Sox2low cells was 2.6
times greater than that of Sox2high (Figure 1I) (for definition of
Sox2high and Sox2low, see the Supplemental Experimental Pro-
cedures), and PH3+ M phase cells were similarly more frequent
in the Sox2low population (Figure S1D). Concomitantly, 40%
of the Sox2high cells remained BrdU negative even after a 14 hr
treatment with BrdU, although this treatment was sufficient to la-
bel the vast majority (>90%) of the Sox2low cells (Figure 1I).
Moreover, Sox2low cells were much more likely to be double
labeled by a pulse of BrdU that was followed 24 hr later by a
pulse of 5-ethynyl-20-deoxyuridine (EdU) (Figures 1J and S1E).
High and low expression of the other two SoxB1 members,
Sox1 and Sox3, could similarly define slowly and rapidly dividing
cortical NPCs (data not shown). In the subventricular zone (SVZ)
of the adult mouse brain, the relationship between Sox2 levels
and BrdU incorporation or PH3 expression followed that found
in NPCs of the embryonic cortex, such that a 24 hr pulse of
BrdU labeled a fraction of Sox2low cells four times greater than
of Sox2high cells (Figures 1K–1O and S1F). Hence, in the devel-
oping and adult brain, the likelihood of finding a cell committed
to proliferation is inversely correlated with its expression level
of Sox2.
SoxB1 Expression Levels Affect Cell-Cycle Progression
of Cortical Cells
To address if high levels of SoxB1 expression were refractory to
cortical NPC competence for cell-cycle re-entry, we increased
their expression levels in E13.5 cortices by overexpressing
Sox1, Sox2, Sox3 or GFP in the ventricular zone (VZ) using in
utero electroporations (Figure 1P). In comparison with GFP-elec-
troporated cells, overexpression of Sox2 for 16 hr decreased the
percentage of BrdU+ cells labeled by a 1 hr pulse (15 hr after
electroporation) from 25% to 8% (Figures 1Q, 1R, and 1T)
and similarly decreased the fraction of PH3+ cells (Figure 1U)
without forcing cell-cycle exit (Figures S1G and S1H). Overex-
pression of Sox1 or Sox3 had a similar effect and decreased
the proportion of BrdU-incorporating cells to 12% and 11%,
respectively (Figure S1I). We next examined proliferation in
cortical cells after we reduced the level of Sox2 only or the level
of all SoxB1s simultaneously, by electroporating small hairpin
RNA (shRNA) constructs targeting specifically Sox2 or all
SoxB1 transcripts (shRNA-Sox2 or shRNA-SoxB1; Figures
S1J–S1L). In accordance with the results above, a decrease in
Sox2 or SoxB1 levels for 16 hr increased the proportion of
BrdU+-transfected cells to over 32% and 45%, respectively (Fig-
ures 1S and 1T), whereas the fraction of PH3+ cells was more
than doubled by shRNA-SoxB1 misexpression (Figure 1U).
Moreover, the proportion of cells double labeled by a pulse of
BrdU that was followed 24 hr later by a pulse of EdU was
decreased by Sox2 overexpression and increased by shRNA-
SoxB1 misexpression (Figures 1V and S1M). However, it is
important to point out that the rapidly proliferative state induced
by shRNA-SoxB1 was only transient, and 72 hr after electropo-
ration, most of the transfected cells had downregulated Sox2
expression completely and differentiated into postmitotic neu-
rons (Figure S1N). Nevertheless, while high levels of Sox2
reduced BrdU incorporation, decreased SoxB1 expression pro-
moted cell-cycle progression.ports 9, 1908–1920, December 11, 2014 ª2014 The Authors 1909
(legend on next page)
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Commitment to Differentiation Reduces Sox2 Levels
and Promotes Cell-Cycle Progression
RGCs divide at the apical surface, where cells going through
symmetrical, proliferative divisions have division planes that
are vertical to the apicobasal membrane, whereas cells going
through asymmetrical, differentiative divisions have more hori-
zontal cleavage planes (Konno et al., 2008). Consistent with
the finding that Sox2 levels are decreased in differentiating
progenitors, daughter cells of a symmetrical RGC division
generally expressed higher and more uniform levels of Sox2
compared to daughter cells of an asymmetrical, differentiative
division (Figures S2A–S2C). Interestingly, overexpression of
Sox2 increased symmetrical divisions and decreased the frac-
tion of basal IPC divisions, whereas shRNA-SoxB1 increased
asymmetric divisions and the fraction of basal IPC divisions
(Figures S2D–S2F). Thus, while high levels of Sox2 promote
RGCs to undergo symmetrical divisions, a reduction in Sox2
levels causes cells to go through differentiative, asymmetric
divisions.
We next examined how the transition between a slowly prolif-
erating Sox2high and a rapidly proliferating Sox2low state is regu-
lated. Since our single-cell analysis demonstrated that the level
of Sox2 expression decreases as cells become progressively
more differentiated, we correlated the expression levels of
markers that reflect the progression of cortical neurogenesis,
Neurog2 (Ngn2), Eomes (Tbr2), and Tbr1, with those of Sox2.
PCA revealed that cells separated based on their expres-
sion levels of Sox2 (black triangle), Neurog2 (red triangle), and
Tbr1/2 (green triangle) (Figure 2A). Interestingly, the ordered
appearance of these differentiation markers during cortical neu-
rogenesis corresponded with their decreasing correlation coeffi-
cients with Sox2 (Figure 2B). Thus, when cells were ordered by
Sox2 levels, Neurog2 expression increased simultaneously as
the level of Sox2 started to decrease, while as cells upregulated
Eomes and Tbr1, the level of Sox2 expression decreased further
(Figure 2C).
We detected a similar relationship between the expression of
Sox3 and differentiation markers in cortical NPCs analyzed with
immunohistochemistry. In a region of E13.5 cortices corre-
sponding to that shown in Figure 1E, 40% of Ngn2+ cells were
Sox3high, yet only 25% of the Tbr2+ cells in the VZ were Sox3highFigure 1. Sox2 Levels Control the Rate of NPC Proliferation
(A) Two-component PCA of RNA-seq samples from 96 E11.5 single cortical NPC
(B and C) Relative expression (dots) and best fit (lines) of Sox2 and differentiatio
principal component 2.
(D) Genes were clustered, based on the bin (B1–B4) in which they showed their
(E–G) BrdU labeling of Sox2+ cells in E13.5 mouse cortex. Boxed area in (E) repr
(H) Number of BrdU+ cells within ten Sox2 level bins (n = 4).
(I) A smaller fraction of Sox2high than Sox2low cells is BrdU+ after both 1 hr and 1
(J) Sox2low cells are more likely to be double labeled by a pulse of BrdU that wa
(K–M) Sox2+ cells in the adult SVZ that incorporated BrdU after a 24 hr pulse. Bo
(N) Number of BrdU+ cells within ten Sox2 level bins in SVZ (n = 4).
(O) BrdU labels a smaller fraction of Sox2high then Sox2low cells in the adult SVZ
(P–U) Sox2 electroporation in E13.5 cortices decreases the fraction of BrdU+ or PH
or shRNA-Sox2 (n = 3) increases the proportion of BrdU+ or PH3+ cells (Q and S
(V) The proportion of cells double labeled by a pulse of BrdU that was followed 24 h
SoxB1 (n = 3).
Scale bar represents 250 mm (E and P), 15 mm (F and G), 100 mm (K), 50 mm (L and
also Figure S1.
Cell Re(Figures 2D–2J). Cells in the SVZ that continued to express Tbr2
and upregulated Tbr1 were Sox3 negative (Figures 2F–2J).
Furthermore, the degree of BrdU incorporation, following a 1 hr
pulse, increased with the onset of Tbr2, such that 28% of
Ngn2+ was BrdU+, while 42% of the Tbr2+ cells within the VZ
were BrdU+ (Figures 2D–2K). Tbr2+/Tbr1+ cells in the SVZ were
generally BrdU negative. Consistent with these results, Tbr2
expression was decreased by Sox2 and increased by shRNA-
Sox2 transfections, respectively (Figures S2G–S2I and S2K).
In the SVZ of the adult brain, we found similar dynamics in
Sox expression levels and the onset of differentiation markers,
including, GFAP, Mash1, Tbr2, and PSA-NCAM (Figures
S2M–S2Z).
Since expression of Neurog2 increases as cells start to down-
regulate Sox2 (Figure 2C), we examined if Ngn2 could promote
NPCs to downregulate Sox2 expression and thereby commit
to a rapidly proliferating state. Electroporation of Ngn2 into
E13.5 mouse cortices resulted in a rapid decline in Sox2 expres-
sion levels. After 16 hr, only a small fraction of the Ngn2-trans-
fected cells were Sox2high, and after 32 hr, most electroporated
cells were Sox2 negative (Figures 2L and 2M). Moreover, both
Ngn2 and Mash1 could act in a dose-dependent manner in
P19 cells to repress a luciferase reporter containing the Sox2
enhancer SRR1 (Miyagi et al., 2004) (Figures 2N and S2L).
Concomitantly, 16 hr after Ngn2 electroporation, the fraction of
Tbr2+ and BrdU+ transfected cortical NPCs was almost double
that of the GFP-transfected cells (Figures 2O and 2Q and S2J
and S2K), whereas after 32 hr, most of the Ngn2-transfected
cells were both Ki67 and BrdU negative (Figures 2O and 2Q;
data not shown). Importantly, the capacity of Ngn2 to promote
this transient increase in NPC proliferation was blocked by co-
transfected Sox2 (Figures 2P and 2Q). Thus, in cortical NPCs,
proneural bHLHproteins can promote the transition into a rapidly
self-renewing state via a reduction in Sox2 expression levels.
Sox2 Represses Genes Promoting NPC Proliferation
That the level of Sox2 could act as a regulatory effector of NPC
proliferation prompted us to screen for Sox2-regulated target
genes relevant to this process. To detect direct Sox2 target
genes, we performed in vivo chromatin immunoprecipitation
sequencing (ChIP-seq) analysis on embryonic cortical tissues.
n markers (B) or genes active in proliferating cells (C) in cortical NPCs along
highest expression, to find representative gene ontology term for each bin.
esents regions shown in (F) and (G).
4 hr pulses (n = 4).
s followed 24 hr later by a 1 hr pulse of EdU (n = 3).
xed area in (K) represents regions shown in (L) and (M).
(n = 4).
3+GFP-electroporated cells (n = 6) (P–R, T, and U), while shRNA-SoxB1 (n = 7)
–U).
r later by a 1 hr pulse of EdUwas decreased by Sox2 and increased by shRNA-
M), and 22 mm (Q–S). Statistics are ±SD. *p < 0.05, **p < 0.01, ***p < 0.001. See
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Figure 2. Ngn2 Promotes NPCs to Transition from a Lowly Proliferative State to a Highly Proliferative State
(A) PCA of RNA-seq from 96 E11.5 single cortical NPCs.
(B) Expression correlation coefficients are negative for Sox2 and differentiation markers but positive for Sox2 and the neural progenitor marker Pax6.
(C) Relative expression (dots) and best fit (lines) of Sox2 and transcription factors sequentially expressed during neurogenesis in 96 cortical NPCs ordered by
Sox2 levels.
(D–J) In E13.5 mouse cortex, Sox3 levels decrease along the course of differentiation, defined by the markers Ngn2 (n = 5) (D, E, and J), Tbr2 (n = 5) (F, G, and J),
and Tbr1 (n = 3) (H–J).
(K) Sox3+ Tbr2+ cells correspond with high BrdU incorporation (n = 4).
(L and M) Ngn2 electroporation decreases Sox2 levels (n = 4).
(legend continued on next page)
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(Figure 3A). In parallel, we compared global gene expression
using mRNA-seq of fluorescence-activated cell sorting (FACS)-
purified cortical cells 16 hr after misexpressing Sox2, shRNA-
SoxB1, or GFP (Figure 3A). Characterization of the two ChIP-seq
replicates confirmed that they were highly overlapping (Figures
S3A and S3B) and allowed us to identify substantially conserved
Sox2-bound regions (peaks) with Sox binding sequences as the
most centrally enriched motifs (Figures 3B and S3C), distributed
within 500 kb of 4,353 genes (Table S1). The overlap between
Sox2-bound genes in cortical NPCs and embryonic stem (ES)
cell-derived NPCs was over 70%, whereas the overlap was
less than 50% with genes reported to be bound by Sox2 in ES
cells (Figures S3D and S3E).
Comparing the cortical Sox2 ChIP-seq with the mRNA-seq
analysis of the electroporated cortical NPCs revealed a direct cor-
relation between peak height and Sox2-dependent expression
change of the closest gene (Figure 3C), thus providing a func-
tional link between both screens. In comparison with genes ex-
pressed over 5 RPKM (reads per kilobase per million mapped
reads) in GFP-transfected cells, we found hundreds of genes
up- and downregulated >1.5-fold in cells overexpressing Sox2
or shRNA-SoxB1 (Figures 3D, 3E, and S3H; Table S2). Gene
ontology analysis of all Sox2-bound genes, and target genes
positively or negatively regulated by increased or decreased
Sox2 levels (Figures 3F and 3G), revealed that genes downregu-
lated by Sox2 and/or upregulated by shRNA-SoxB1 misexpres-
sion (Figure 3G) were more than twice as enriched as the other
groups for neural precursor cell proliferation terms (Figure 3H).
Given that the GO analysis suggested that Sox2-repressed
target genes are involved in regulating NPC proliferation, we
next examined the nine Sox2-bound genes, which were both
downregulated by Sox2 and upregulated by shRNA-SoxB1
(Figure 3G), for their effect on cell-cycle regulation (Figure 3I).
In situ hybridization analysis confirmed that all of these genes
are expressed in E13.5 cortices (Figure S4A). Four of the nine
genes (Ccnd1, Bhlhe40, D16ertd472e, and Fam181b) signifi-
cantly increased the proliferation rate of electroporated cortical
NPCs compared to GFP-transfected control cells (Figure 3I).
However, of these, only Ccnd1, which encodes for the G1/S
phase transition licensing factor Cyclin D1, retained its full ability
to promote proliferation when coelectroporated with Sox2
(Figures 3J–3O). In situ hybridization of electroporated E13.5
cortices or chick neural tubes confirmed that the expression
level of Ccnd1 was downregulated by Sox2 and upregulated
by shRNA-SoxB1 or a dominant-negative variant of Sox3
(Shih et al., 2010) (dnSoxB1; Figures S4B–S4E). In addition,
our single-cell analysis also confirmed a strong negative
correlation between the expression levels of Sox2 and Ccnd1
(correlation coefficient 0.132) in cortical NPCs under nonover-
expressing physiological conditions (Figure 3P). Thus, Sox2
regulates cell-cycle progression by acting as a direct suppres-
sor of genes that promote NPC proliferation, of which Cyclin
D1 acts epistatically to Sox2.(N) Ngn2 represses the Sox2 enhancer SSR1 in P19 cell luciferase assays.
(O–Q) BrdU-incorporating cells are significantly increased 16 hr after Ngn2 overe
capacity of Ngn2 to increase BrdU incorporation (n = 4) (P and Q).
Scale bar represents 15 mm (D–I) or 22 mm (L, O, and P). Statistics are ±SD. *p <
Cell ReNotably, forced expression of Cyclin D1 for a prolonged time
has been demonstrated to induce cells to become postmitotic
and upregulate markers of differentiation (Lange et al., 2009).
We found that even though Sox2 could prevent neuronal differ-
entiation in the presence of high Cyclin D1 levels for 72 hr,
Sox2 could not prevent cells from becoming postmitotic (Fig-
ure S4F), indicating that the reduction of Cyclin D1 expression
is vital to the ability of Sox2 to maintain NPCs in a proliferation-
competent state.
Sox2 Represses Cyclin D1 Expression via
Low-Affinity Sites
The Ccnd1 promoter is the third most Sox2-occupied region in
the entire genome (Table S1) and has been shown to be posi-
tively regulated by b-catenin and Tcf/Lef transcription factors
(Tetsu and McCormick, 1999). ChIP quantitative PCR (qPCR)
analysis of mouse cortical NPCs confirmed strong Sox2 binding
to a region 100 to 230 bp upstream of the Ccnd1 open
reading frame (region C) and less binding to a region 350 to
512 bp upstream (region B) (Figures 4A and 4B). The binding
of Lef1 to the Ccnd1 promoter followed that of Sox2 and could
primarily be detected at region C and, to a lesser extent, at region
B (Figures 4A and 4B). We next generated a luciferase reporter
construct (Ccnd1-Luc) containing the conserved Sox2-bound
region of the Ccnd1 promoter (409 to +94 bp; Figures 4A and
S5A). In chick NPCs, electroporated Ccnd1-Luc was repressed
3.4-fold by cotransfected Sox2 (Figure 4C) and, to a similar
extent, by Sox1 or Sox3 overexpression (Figure S5B). In con-
trast, misexpression of dnSoxB1 or the DNA-binding domain of
Sox2 (HMGSox2) acted oppositely to Sox1–3 and activated
Ccnd1-Luc approximately 3-fold (Figure 4C), demonstrating
that in NPCs, the activity of the Cyclin D1 reporter responds as
endogenous Ccnd1 to altered levels of Sox2 activity.
The isolated region of the Ccnd1 promoter contains nine
conserved, potential Sox2 binding motifs (SM1–SM9; Fig-
ure 4A), though SM8 and SM9 are downstream of tran-
scriptional start (Figure S5E). All nine sites were bound by
recombinant Sox2 protein in a DNA-binding gel shift assay (Fig-
ure 4D), although the sites closest to a consensus Sox motif,
SM4, SM5, and SM7 (marked in red), were bound most effi-
ciently. Surprisingly, individual or combinatorial mutations of
the high-affinity sites had little impact on Sox2-mediated
repression (Figures 4E and S5C). In contrast, individual or
combinatorial mutations of the low-affinity motifs had a major
impact on Sox2 mediated repression and reduced it up to
100% (Figures 4E and S5C). Thus, low-affinity sites, but not
high-affinity sites, are necessary for Sox2-mediated repression
of the Ccnd1 promoter.
To examine the concentration-dependent regulation of the
Cyclin D1 promoter by Sox2, Ccnd1-luc was transfected
together with various amounts of Sox2 into human embryonic
kidney 293 (HEK293) cells. Similar to Ccnd1 expression in the
cortex, Ccnd1-luc was repressed in a concentration-dependentxpression (n = 4) (O and Q). Coelectroporation of Sox2 completely blocks the
0.05, **p < 0.01, ***p < 0.001. See also Figure S2.
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Figure 3. Sox2 Negatively Regulates Genes Promoting NPC Proliferation
(A) Overview of the in vivo ChIP-seq and RNA-seq experiments.
(B) Centrally enriched Sox motifs in ChIP-seq peaks.
(C) The number of ChIP-seq reads in 9,568 Sox2 peaks versus Sox2-dependent expression change of nearest genes. Gray line represents ±SD of rolling
averages, and black line is best fit. Stippled red and green lines represent the average number of reads in peaks nearest genes with a sum regulation between
1.5 and +1.5 and of <1.5 and >1.5, respectively.
(D and E) Number of genes above 5 RPKM inGFP-electroporated cells, which are up- (red) and downregulated (green) greater than 1.5- and 2.5-fold by Sox2 (D)
or shRNA-SoxB1 (E).
(F and G) Overlap between the genes regulated >1.5-fold positively (F) and negatively (G) by Sox2 and the 4,354 genes bound by Sox2 in cortical NPCs.
(H) Enrichments of GO terms in all Sox2-bound and expressed genes, genes positively and negatively regulated by Sox2, over a background set of all expressed
genes in GFP-electroporated cells.
(I) Effect on proliferation of Sox2 target genes both negatively regulated by Sox2 and positively regulated by shRNA-SoxB1 (n = 4).
(J–O) Only Ccnd1 retains its full effect on proliferation in the presence of Sox2 overexpression (n = 4).
(P) Relative expressions of Sox2 and Ccnd1 (dots) and their best fit (lines) in 96 cells ordered by principal component (see Figure 1A). Correlation coefficient
between Sox2 and Ccnd1 is 0.132.
Scale bar represents 22 mm (J–N). Statistics are shown ±SD. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.
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Figure 4. Sox2 Acts via Low-Affinity Sites to Repress the Cyclin D1 Promoter
(A) Overview of the Ccnd1 promoter with nine potential Sox sites and three potential Tcf/Lef sites.
(B) Sox2 or Lef1 ChIP-qPCR analyses of Ccnd1 regions A–D, in cortical cells, revealed strong binding (>20-fold over immunoglobulin G) to region C and weaker
binding (8-fold) to region B. Error bars represent ±SD of qPCR triplicate.
(C) Luciferase assays in the chick neural tube show that Sox2 significantly represses (>3-fold), while both HMGSox2 and dnSoxB1 significantly activate, Ccnd1-
Luc (3-fold).
(D) Gel shift assays reveal strongest binding of recombinant Sox2 protein to SM4, SM5, and SM7.
(E) Ccnd1-luc assays in the chick neural tube show that the low-affinity, but not high-affinity, sites are vital for Sox2-mediated repression.
(F) Ccnd1-luc experiments in HEK293 cells reveal concentration-dependent repression by Sox2, which is significantly reduced by mutating the low-affinity sites
SM1 and SM2 (30%), but not high-affinity sites (SM5 and SM7). Error bars are ±SEM.
(G) The average number of off-consensus Sox sites in 2,000 Sox2-bound peaks in relation to Sox2-dependent expression of nearest gene. The data are pre-
sented as rolling average. Stippled red and green lines represent average number of off-consensus Sox sites in negatively and positively regulated gene sets,
respectively. Gray line represents ±SD of rolling average and black line is best fit.
Luciferase values are averages of three or more independent experiments. Statistics are ±SD. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S4.fashion by Sox2 (Figure 4F). Interestingly, the concentration
dependence of Sox2 repression was reduced and nearly abol-
ished by the loss of one or more low-affinity sites (Figures 4F
and S5D), whereas high-affinity sites were insignificant in this
context. Moreover, at a genome-wide level, we found a signifi-
cant enrichment of degenerated Sox motifs in peaks associated
with genes negatively regulated by Sox2 overexpression in
cortical NPCs (Figure 4G), while peaks near genes positively
regulated by Sox2 instead had an enrichment of consensus
Sox motifs (Figure S5F). Thus, multiple low-affinity sites appearCell Reto be a common feature of regulatory sequences facilitating
graded Sox2 target gene repression.
Sox2 Reduces b-Catenin Activation of Cyclin D1 via
High-Affinity Sites
TheWnt signaling transducer b-catenin can increaseCcnd1 pro-
moter activity and NPC proliferation (Megason and McMahon,
2002; Tetsu and McCormick, 1999). We found that a stabilized
version of b-catenin (DNb-catenin) (Megason and McMahon,
2002) could activate Ccnd1-Luc nearly 8-fold in chick neuralports 9, 1908–1920, December 11, 2014 ª2014 The Authors 1915
Figure 5. Sox2 Interferes with b-Catenin
Activation by Interacting with Lef1
(A–D) DNb-catenin strongly activates Ccnd1-Luc
in chick NPCs and nearly doubles the fraction of
electroporated cortical NPCs incorporating BrdU,
activities that are completely blocked by co-
transfected Sox2.
(E) The capacity of Sox2 to block DNb-catenin
mediated activation of Ccnd1-luc relies signifi-
cantly more (>3-fold) on high-affinity than low-af-
finity Sox sites.
(F) Lef1 increases the ability of Sox2 to repress
Ccnd1-Luc, an activity dependent on the low-af-
finity Sox motifs, SM1, SM2, SM3, and SM6.
(G) Coimmunoprecipitation experiments reveal
that Sox2 interacts with Flag-tagged Lef1 via its
N-terminal domain.
(H) Sox2 repression ofCcnd1-Luc is dependent on
intact Lef/Tcf sites.
(I–K) dnTcf7L2 decreases proliferation 16 hr after
cortical electroporation and prevents shRNA-
SoxB1 from increasing proliferation (n = 4).
(L) Distribution of positively (blue) and negatively
(red) regulated (>1.5-fold) Sox target genes versus
spacing distance between consensus Sox and Lef
sites in associated peaks. Data are presented
using rolling average windows of 4 bp.
Scale bar represents 22 mm (B, C, I, and J).
Luciferase values are averages of three or more
independent experiments. Statistics are ±SD. *p <
0.05, **p < 0.01, ***p < 0.001. See also Figure S5.cells (Figure 5A) and nearly doubled the fraction of BrdU+-elec-
troporated cortical NPCs (Figures 5B and 5D), functions of
DNb-catenin that were completely blocked by cotransfected
Sox2 (Figures 5A, 5C, and 5D). However, while the mutation of
low-affinity Sox sites (SM1–SM3 and SM6) had only a minor ef-
fect on the capacity of Sox2 to block DNb-catenin-induced
Ccnd1-Luc activation (Figure 5E), this Sox2 activity was signifi-
cantly more dependent on the high-affinity sites (SM5 and
SM7) (Figure 5E). The major Sox2 peak associated with Ccnd2
(Cyclin D2), which is expressed at similar levels in Sox2high
(Bin1) and Sox2low (Bin2/3) cells (Figure S5J), lacks clusters of
degenerated Sox motifs but contains a consensus Tcf/Lef and
Sox motif in close proximity (Figure S5G). Interestingly, although
reducing SoxB1 function activated a Ccnd2 reporter in vivo,
Sox2 overexpression could not repress the reporter and was
only able to reduce its activation by DNb-catenin (Figures S5H
and S5I). Thus, while the Ccnd1 and Ccnd2 reporters contain
consensus Sox motifs, which allow Sox2 to hamper b-catenin-
mediated activation, only the Ccnd1 promoter also contains
appropriate clusters of low-affinity sites, through which Sox2
can repress Ccnd1-Luc in a concentration-dependent fashion.1916 Cell Reports 9, 1908–1920, December 11, 2014 ª2014 The AuthorsSox2-Mediated Reduction of
Proliferation Is Dependent on
Lef/Tcf Proteins
Sox2 possesses only weak intrinsic regu-
latory capacity (Kamachi et al., 1998), and
control of target gene activity is often
dependent on an interaction with partnertranscription factors (Kamachi et al., 1998). Coelectroporated
Lef1 strongly increased the capacity of Sox2 to repress the
Ccnd1 promoter in NPCs (Figure 5F), while the repression of
Ccnd1-Luc by Tcf7L1 was increased in the presence of Sox2
(Figure S6C). Moreover, through coimmunoprecipitation ex-
periments in HEK293 cells, we found a strong physical interac-
tion between Sox2 and Lef1/Tcf7L1, apparently mediated by
the HMG domain (Figure 5G; Figures S6A and S6B). Thus, Tcf/
Lef proteins potentiate Sox2’s ability to repress the Ccnd1
promoter.
We found three potential Tcf/Lef binding sites (LM1–LM3;
Tetsu and McCormick, 1999) to be important for b-catenin and
Tcf7L1 protein activity (Figures S6D and S6E) in the Ccnd1
409 bp promoter region (Figures 4A, 4B, and S5A). In line
with the cooperative function found between Sox2 and Lef1,
mutational analyses revealed a significant role for LM1–LM3 in
Sox2-mediated repression of Ccnd1-luc (Figure 5H). Interest-
ingly, DNb-catenin-mediated activation was mostly dependent
on the consensus motif LM2 (Figures S6D and S6E; Tetsu and
McCormick, 1999), and in its absence, HMGSox2 or dnSoxB1
was unable to activate Ccnd1-Luc (Figure S6F and data not
Figure 6. Sox2 Represses in Complex with
Lef1 and Tle1
(A) Tle1 in situ in E13.5 mouse cortex.
(B) Coimmunoprecipitations show that both Sox2-
Flag and Lef1-Flag can bind to Tle1-Myc. Tle1-
Myc is more efficiently precipitated by Lef1-Flag in
the presence of increasing amounts of untagged
Sox2.
(C) Coimmunoprecipiation shows that Sox2 in-
teracts with Tle1 via its C-terminal domain.
(D) Tle1 requires and acts synergistically with
Sox2, such that together they repress Ccnd1-luc
7.5-fold.
(E–G) Overexpression of Tle1 for 16 hr represses
proliferation of cortical NPCs in a SoxB1-depen-
dent manner (n = 4).
(H) A Groucho/Tle binding mutant variant of Lef1
(Lef1GBS) blocks the ability of Sox2 to repress
Ccnd1-luc in NPCs (n = 4).
(I–K) Lef1GBS blocks the ability of Sox2 to reduce
cortical proliferation (n = 4).
Scale bar represents 22 mm (E, F, I, and J). Lucif-
erase assay values are averages of at least three
independent experiments. Statistics are ±SD. *p <
0.05, **p < 0.01, ***p < 0.001. See also Figure S6.shown). Consistent with this, in the presence of a dominant-
negative version of Tcf7L2 (dnTcf7L2) that cannot recruit b-cat-
enin (Megason andMcMahon, 2002), shRNA-SoxB1 was unable
to increase proliferation of cortical NPCs (Figures 5I–5K). Hence,
the activation of the Ccnd1 promoter and the increase in cortical
proliferation caused by reduced SoxB1 function appear to be
based on a relief of the suppression of b-catenin activity.
Genome-wide, Tcf/Lef motifs were highly enriched and found
in 24% of all Sox2 peaks (Figure S6G). Moreover, we identified
closely spaced Sox and Tcf/Lef motifs (4–10 bp) specifically en-
riched in peaks associated with genes negatively regulated by
Sox2 in cortical NPCs (Figure 5L). In line with this observation,
of the nine target genes that were both downregulated by
Sox2 and upregulated by shRNA-SoxB1 in cortical NPCs (Fig-
ure 3G), five genes were associated with peaks containing mod-
ules of conserved, 4 bp- to 10 bp-spaced Sox and Tcf/Lef motifs
(Figure S7). Thus, a module of 4 bp- to 10 bp-spaced Sox and
Tcf/Lef motifs is one significant characteristic associated withCell Reports 9, 1908–1920, Degenes negatively, but not positively, regu-
lated by Sox2 in cortical NPCs.
Sox2 and Lef1 Interaction
Facilitates the Recruitment of
Gro/Tle Corepressors
The cooperative function between Sox2
and Lef1 proteins in the repression of
the Ccnd1 promoter encouraged us to
examine if this was dependent on the
recruitment of known Tcf/Lef cofactors
Gro/Tle family repressors (Arce et al.,
2006; Liu et al., 2014) (Figure 6A).
Although both Lef1 and Sox2 interacted
weakly with Tle1 in transfected HEK293cells (Figure 6B), the interaction between Lef1 and Tle1 was
greatly enhanced by the presence of increasing levels of Sox2
(Figure 6B). Sox2 was found to interact with Tle1 via its C-termi-
nal, non-DNA-binding domain (Figure 6C). Moreover, while Tle1
acted synergistically with Sox2 to repress the Ccnd1 promoter,
its own repressive activity was completely blocked by mutating
Sox or Lef sites or coelectroporating HMGSox2 (Figures 6D and
S6H). Moreover, the ability of Tle1 to decrease the proliferation
rate of cortical NPCs (Figures 6E–6G) was dependent on
SoxB1 function and was abolished in the presence of coelectro-
porated shRNA-SoxB1 (Figures 6E–6G). To examine if Gro/Tle
corepressors were essential to the repressive activity of Sox2,
we took advantage of the finding that the interaction between
Lef1 and Gro/Tle is dependent on a Groucho binding sequence
(GBS) in Lef1 (Lef1GBS) (Arce et al., 2009). Although Sox2 syner-
gized with cotransfected Lef1 to repress Ccnd1-Luc (Figure 5F),
Lef1GBS fully blocked the capacity of Sox2 to repressCcnd1-Luc
(Figure 6H) and misexpression of Lef1GBS increased the fractioncember 11, 2014 ª2014 The Authors 1917
of BrdU-incorporating electroporated cortical NPCs to over 45%
even in the presence of coexpressed Sox2 (Figures 6I–6K). Thus,
the capacity of Sox2 to repress the Ccnd1 promoter and NPC
proliferation is dependent on its cooperative function with Lef1
in recruiting Gro/Tle corepressors.
DISCUSSION
The development and maintenance of organs as diverse as the
CNS, intestine, hair follicle, and hematopoietic system rely on a
limited population of slowly self-renewing stem cells to divide
asymmetrically and supply a pool of rapidly dividing and differen-
tiating progenitor cells. However, despite the importance of this
proliferative hierarchy, how it is regulated has remained elusive.
In this study, we have focused on how competence for cell-cycle
entry is regulated in coordination with the transition from stem
cell-like RGCs to differentiating RGCs and IPCs. We provide
mechanistic insights, with a genome-wide perspective, into
how the stem cell determinant Sox2 acts in a concentration-
dependent fashion to regulate cell-cycle progression in these
two cellular states.
Our analyses indicate that uncommitted cortical RGCs are
less prone to enter the cell cycle than differentiating progenitor
cells. This finding is consistent with the proliferative behavior of
precursor cells in other stem cell niches, including those of the
adult brain (Mamber et al., 2010; Takashima et al., 2013; Tiede
et al., 2007). However, previous studies, also conducted in the
developing cortex, have shown that the transition from stem
cell-like RGCs to differentiating Tbr2+ IPCs is associated with a
lengthening of the cell cycle (Arai et al., 2011). These discrep-
ancies can possibly be explained by our finding that Tbr2+
IPCs proliferate with different rates depending on whether the
cells are within the VZ or SVZ. Although the overall Tbr2+ popu-
lation incorporates BrdU to a lesser extent than the average pre-
cursor cell within the VZ (Figure 2K), Tbr2+ IPCs within the VZ
(Sox3+) appear to be more rapidly dividing compared with the
general precursor cell within the VZ.
Themodel proposed in this paper is partly based on the finding
that the level of SoxB1 expression is inversely correlated with a
cell’s likelihood of incorporating BrdU or expressing theM phase
marker PH3. However, can we exclude the possibility that low
SoxB1 levels are not varying with the different phases of the
cell cycle? A number of observations argue against this interpre-
tation. First, we failed to detect a cell-cycle phase that is gener-
ally low in SoxB1 expression, as both SoxB1low and SoxB1high
cells are labeled by a short pulse of BrdU and the M phase
marker PH3 (even though consistently twice as many positive
cells are Sox2low in both cases). Moreover, our single-cell data
indicate that markers of all phases of the cell cycle are collec-
tively expressed in both the Sox2-high (Bin1) and Sox2-low
(Bin2/3) compartment of the PCA (Figures 1C and S1B). Second,
a cumulative BrdU treatment over 14 hr failed to incorporate in
almost 40% of Sox2high cells, despite labeling nearly all Sox2low
cells, suggesting Sox2high cells are refractory to S phase entry
over a long period. Finally, in contrast to Hes1, which has been
shown to oscillate with an approximately 2 hr interval (Shimojo
et al., 2008), Sox2 was shown in similar experiments to be ex-
pressed at relatively constant levels throughout the cell cycle1918 Cell Reports 9, 1908–1920, December 11, 2014 ª2014 The Aut(Imayoshi et al., 2013). Thus, rather than being associated with
a certain phase of the cell cycle, low levels of SoxB1 expression
are more likely a characteristic of cortical cells committed to
differentiation.
An important question addressed in this paper is how differ-
ences in the expression level of a transcription factor, such as
Sox2, can be interpreted and result in a specific response in
target gene expression. In this study, we have observed that
the Sox2-targeted region of the Cyclin D1 promoter contains
Sox motifs of different affinities and that the low-affinity Sox2
motifs are essential for the graded repression of the Ccnd1 pro-
moter to increasing amounts of Sox2. This implies that the differ-
ences in Cyclin D1 expression between cells with high and low
SoxB1 levels may be explained by the occupancy grade of
Sox2 motifs in its promoter region. Our model is analogous to
the situation in the Drosophila embryo, in which high and low
levels of the Bicoid (Bcd) transcription factor along the ante-
rior-posterior axis result in anterior expression of Orthodenticle
(otd) and posterior expression of hunchback (hb). It is proposed
that otd expression relies on off-consensus, low-affinity Bcd
binding sites and thus requires higher levels of the Bcd protein,
while hb expression relies both on consensus, high-affinity sites
as well as low-affinity sites (Ephrussi and St Johnston, 2004).
Notably, by analyzing Sox2-bound regions at a genome-wide
level, we identified a significant enrichment of degenerated
Sox sites in peaks associated with genes that are negatively
regulated by Sox2 overexpression in NPCs. Hence, together
with previous findings in the Drosophila embryo, our data indi-
cate that the presence of binding motifs of varying affinities
may reflect a commonmechanism for translating the expression
level of transcription factors into specific target gene expression.
However, despite the similarities between our models, future ex-
periments are needed to confirm differential binding of Sox2 to
the Ccnd1 promoter in cells expressing high versus low levels
of Sox2 in vivo.
Transactivation experiments in vitro and studies in ES cell-
derived NPCs, in which the level of SoxB1 expression was either
increased or decreased (Bergsland et al., 2011; Engelen et al.,
2011; Kamachi et al., 1998), suggest that these proteins mainly
function to activate target genes. Unexpectedly, our gain- and
loss-of-function studies in cortical NPCs in vivo revealed that
approximately half of the Sox2 regulated target genes were
repressed by Sox2 overexpression. Furthermore, we identified
a stronger correlation between negative gene regulation and
Sox2 binding than with positive gene regulation (Figure S3H).
Nevertheless, the capacity of Sox2 to both activate and repress
target gene expression in a population of cortical NPCs argues
that the regulatory activity of Sox2 is determined by contextual
differences at the DNA level. Indeed, the interaction with Tcf/Lef
proteins is essential for the capacity of Sox2 to repress the
Ccnd1 promoter and NPC proliferation. Moreover, Tcf/Lef
biding sites are among the most overrepresented motifs in
Sox2 peaks, and a module with Sox and Tcf/Lef motifs spaced
between 4 and 10 bp was specifically enriched in peaks associ-
ated with genes repressed by Sox2. One possibility is that this
particular distance between Sox and Tcf/Lef motifs is favorable
for the establishment of a bimodal surface that facilitates the
recruitment of Gro/Tle corepressors. By studying the regulationhors
Figure 7. A Mechanism for SoxB1-Mediated Regulation of Cortical
Stem and Progenitor Cells
SoxB1 proteins are expressed at high levels in stem like RGCs, not yet
committed to differentiation, which allows for binding to low-affinity sites. This
type of binding facilitates, through an interaction with Tcf/Lef proteins, the
recruitment of Gro/Tle factors and repression of Cyclin D1 expression, which in
turn reduces the cell’s competence for cell-cycle entry. The expression of the
proneural protein Ngn2 in differentiating RGCs and intermediate progenitor
cells (IPCs) increases cells competence for cell-cycle entry by reducing SoxB1
expression and thus relieving the repression of the Ccnd1 gene. The remaining
SoxB1 binding to high-affinity sites moderates b-catenin-mediated gene
activation. High levels of SoxB1 expression promote symmetrical apical di-
visions of RGCs, whereas low levels promote asymmetrical apical or basal
divisions of RGCs and IPCs. See also Figure S7.of the Ccnd1 promoter, our findings propose a model for a
SoxB1-dependent biphasic repressive mechanism: Tcf/Lef mo-
tifs, together with low-affinity Sox sites, allow SoxB1 proteins to
act in a concentration-dependent fashion to repress Ccnd1
expression through the stabilization of a Gro/Tle corepressor
complex. In addition, a module of Tcf/Lef motifs and high-affin-
ity Sox sites facilitate SoxB1 proteins to moderate b-catenin-
mediated Ccnd1 activation in a dose-independent fashion
(Figure 7).
Apart from regulating the proliferative dynamics of cortical
cells, SoxB1 proteins have previously been shown to prevent
NPCs from committing to differentiation. However, the mecha-
nisms by which SoxB1 proteins maintain undifferentiated fea-
tures of neural cells have remained unresolved. Our finding
that prolonged overexpression of Cyclin D1 eventually causes
NPCs to become postmitotic, even in the presence of forced
Sox2 expression, suggests that controlling the expression of Cy-
clin D1 is an essential part of this mechanism. Thus, apart from
reducing the frequency of genetic errors incorporated into the
long-lived stem cell population, the ability of high levels of
Sox2 to slow cell-cycle entry through the repression of Cyclin
D1 expression is likely a vital function by which SoxB1 proteins
maintain neural cells in an undifferentiated stem cell-like state.Cell ReWhile this study focuses on the role of SoxB1 protein in the
regulation of stem and progenitor cells in the healthy brain, it is
notable that reduced Sox2 expression levels are a hallmark of
gastric cancers and high levels of Sox2 have tumor suppressor
functions in brain cancer cells (Cox et al., 2012). In addition, it
is tempting to speculate that other Sox transcription factors
may employ a similar regulatory mechanism in controlling
precursor self-renewal. For instance, proliferation of intestinal
cells, which is largely dependent on Wnt/b-catenin signaling
(Holland et al., 2013), is reduced by Sox9 overexpression (For-
meister et al., 2009) and increased upon the loss of Sox9 (Bas-
tide et al., 2007). Together with our findings, these data suggest
that specific Sox proteins may be commonly employed to con-
trol the proliferative hierarchy of stem and progenitor cells of
diverse origins through the reduction of Wnt/b-catenin-activated
proproliferative genes.
EXPERIMENTAL PROCEDURES
Sox Level Determination
In each image analyzed, at least 50 cells spanning the entire progenitor zone
were assayed for average nuclear Sox stain pixel intensity in ImageJ. For
detailed procedure, see the Supplemental Experimental Procedures.
In Utero Electroporation
In utero electroporation was performed at E13.5 as described previously (Saito
and Nakatsuji, 2001), with pCAGG or pCIG vectors between 4 and 10 mg/ml in
1xPBS. After 8–72 hr, embryos were harvested and processed for immunohis-
tochemistry or in situ hybridization. BrdU was injected 1 hr before harvesting
unless otherwise stated. All animal procedures were approved by the Stock-
holm Norra ethical committee.
FACS and RNA Sequencing
For FACS sorting, 20 embryos each were electroporated with GFP, Sox2, or
shRNA-SoxB1; the GFP+ regions of their cortices were dissected, dissoci-
ated using a Miltenyi neural tissue dissociation kit, and FACS sorted on a
FACSVantage/DiVa to over 98% purity. RNA was extracted using a
QIAGEN microRNA purification kit, and libraries were prepared using an Illu-
mina Truseq mRNA kit and sequenced on an Illumina Genome Analyzer IIx.
For single-cell sequencing, cortices were dissociated as above and cells
were picked using a mouth pipette. cDNAs from single cells were prepared
according to Picelli et al. (2013) and libraries according to the manual for
Nextera XT.
ChIP and qPCR
For each experiment, approximately 100 E11.5 mouse cortices were
dissected and processed for ChIP and qPCR. Immunoprecipitation was
achieved using 10 mg of rabbit anti-Sox2 (Millipore ab5603), rabbit anti-Lef1
(Cell Signaling C12A5), or rabbit anti-immunoglobulin G (Abcam 46540).
DNA was collected on QIAGEN Minelute columns according to the manufac-
turer’s instructions and assayed by qPCR according to Bergsland et al. (2011).
For a more comprehensive protocol, seethe Supplemental Experimental
Procedures.
ACCESSION NUMBERS
The NCBI Sequence Read Archive accession number for the sequencing data
reported in this paper is SRP049406.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2014.11.013.ports 9, 1908–1920, December 11, 2014 ª2014 The Authors 1919
ACKNOWLEDGMENTS
We are grateful to D. Ramsko¨ld and R. Sandberg for bioinformatic support, F.
Barnabe´-Heider for technical assistance regarding in utero electroporation,
and A. McMahon, M. Waterman, S. Wilson, and J. Stenman for kindly sharing
reagents. We thank T. Perlmann, A. Simon, and J. Holmberg for comments on
themanuscript andmembers of theMuhr and Perlmann labs for fruitful discus-
sions and advice. This research was supported by grants from the Swedish
Research Council, The Swedish Cancer Foundation, and The Knut and Alice
Wallenberg Foundation.
Received: February 11, 2014
Revised: September 25, 2014
Accepted: November 8, 2014
Published: December 4, 2014
REFERENCES
Arai, Y., Pulvers, J.N., Haffner, C., Schilling, B., Nu¨sslein, I., Calegari, F., and
Huttner, W.B. (2011). Neural stem and progenitor cells shorten S-phase on
commitment to neuron production. Nat Commun 2, 154–165.
Arce, L., Yokoyama, N.N., and Waterman, M.L. (2006). Diversity of LEF/TCF
action in development and disease. Oncogene 25, 7492–7504.
Arce, L., Pate, K.T., andWaterman,M.L. (2009). Groucho binds two conserved
regions of LEF-1 for HDAC-dependent repression. BMC Cancer 9, 159.
Bastide, P., Darido, C., Pannequin, J., Kist, R., Robine, S., Marty-Double, C.,
Bibeau, F., Scherer, G., Joubert, D., Hollande, F., et al. (2007). Sox9 regulates
cell proliferation and is required for Paneth cell differentiation in the intestinal
epithelium. J. Cell Biol. 178, 635–648.
Bergsland, M., Ramsko¨ld, D., Zaouter, C., Klum, S., Sandberg, R., and Muhr,
J. (2011). Sequentially acting Sox transcription factors in neural lineage devel-
opment. Genes Dev. 25, 2453–2464.
Chenn, A., and Walsh, C.A. (2002). Regulation of cerebral cortical size by con-
trol of cell cycle exit in neural precursors. Science 297, 365–369.
Cox, J.L., Wilder, P.J., Desler, M., and Rizzino, A. (2012). Elevating SOX2 levels
deleteriously affects the growth of medulloblastoma and glioblastoma cells.
PLoS ONE 7, e44087.
Engelen, E., Akinci, U., Bryne, J.C., Hou, J., Gontan, C., Moen, M., Szumska,
D., Kockx, C., van Ijcken, W., Dekkers, D.H.W., et al. (2011). Sox2 cooperates
with Chd7 to regulate genes that are mutated in human syndromes. Nat.
Genet. 43, 607–611.
Ephrussi, A., and St Johnston, D. (2004). Seeing is believing: the bicoid
morphogen gradient matures. Cell 116, 143–152.
Formeister, E.J., Sionas, A.L., Lorance, D.K., Barkley, C.L., Lee, G.H., and
Magness, S.T. (2009). Distinct SOX9 levels differentially mark stem/progenitor
populations and enteroendocrine cells of the small intestine epithelium. Am. J.
Physiol. Gastrointest. Liver Physiol. 296, G1108–G1118.
Holland, J.D., Klaus, A., Garratt, A.N., and Birchmeier, W. (2013). Wnt signaling
in stem and cancer stem cells. Curr. Opin. Cell Biol. 25, 254–264.
Hutton, S.R., and Pevny, L.H. (2011). SOX2 expression levels distinguish be-
tween neural progenitor populations of the developing dorsal telencephalon.
Dev. Biol. 352, 40–47.
Imayoshi, I., Isomura, A., Harima, Y., Kawaguchi, K., Kori, H., Miyachi, H., Fu-
jiwara, T., Ishidate, F., and Kageyama, R. (2013). Oscillatory control of factors
determining multipotency and fate in mouse neural progenitors. Science 342,
1203–1208.
Kamachi, Y., Uchikawa, M., Collignon, J., Lovell-Badge, R., and Kondoh, H.
(1998). Involvement of Sox1, 2 and 3 in the early and subsequent molecular
events of lens induction. Development 125, 2521–2532.
Konno, D., Shioi, G., Shitamukai, A., Mori, A., Kiyonari, H., Miyata, T., andMat-
suzaki, F. (2008). Neuroepithelial progenitors undergo LGN-dependent planar
divisions to maintain self-renewability during mammalian neurogenesis. Nat.
Cell Biol. 10, 93–101.1920 Cell Reports 9, 1908–1920, December 11, 2014 ª2014 The AutKormish, J.D., Sinner, D., and Zorn, A.M. (2010). Interactions between SOX
factors and Wnt/beta-catenin signaling in development and disease. Dev.
Dyn. 239, 56–68.
Lange, C., Huttner, W.B., and Calegari, F. (2009). Cdk4/cyclinD1 overexpres-
sion in neural stem cells shortens G1, delays neurogenesis, and promotes the
generation and expansion of basal progenitors. Cell Stem Cell 5, 320–331.
Liu, Y.R., Laghari, Z.A., Novoa, C.A., Hughes, J.,Webster, J.R., Goodwin, P.E.,
Wheatley, S.P., and Scotting, P.J. (2014). Sox2 acts as a transcriptional
repressor in neural stem cells. BMC Neurosci. 15, 95.
Machon, O., van den Bout, C.J., Backman, M., Kemler, R., and Krauss, S.
(2003). Role of beta-catenin in the developing cortical and hippocampal neuro-
epithelium. Neuroscience 122, 129–143.
Mamber, C., Verhaagen, J., and Hol, E.M. (2010). In vivo targeting of subven-
tricular zone astrocytes. Prog. Neurobiol. 92, 19–32.
Megason, S.G., and McMahon, A.P. (2002). A mitogen gradient of dorsal
midline Wnts organizes growth in the CNS. Development 129, 2087–2098.
Miyagi, S., Saito, T., Mizutani, K., Masuyama, N., Gotoh, Y., Iwama, A., Nakau-
chi, H., Masui, S., Niwa, H., Nishimoto, M., et al. (2004). The Sox-2 regulatory
regions display their activities in two distinct types of multipotent stem cells.
Mol. Cell. Biol. 24, 4207–4220.
Miyagi, S., Kato, H., and Okuda, A. (2009). Role of SoxB1 transcription factors
in development. Cell. Mol. Life Sci. 66, 3675–3684.
Molyneaux, B.J., Arlotta, P., Menezes, J.R.L., and Macklis, J.D. (2007).
Neuronal subtype specification in the cerebral cortex. Nat. Rev. Neurosci. 8,
427–437.
Otsubo, T., Akiyama, Y., Yanagihara, K., and Yuasa, Y. (2008). SOX2 is
frequently downregulated in gastric cancers and inhibits cell growth through
cell-cycle arrest and apoptosis. Br. J. Cancer 98, 824–831.
Pevny, L., and Placzek, M. (2005). SOX genes and neural progenitor identity.
Curr. Opin. Neurobiol. 15, 7–13.
Picelli, S., Bjo¨rklund, A˚.K., Faridani, O.R., Sagasser, S., Winberg, G., and
Sandberg, R. (2013). Smart-seq2 for sensitive full-length transcriptome
profiling in single cells. Nat. Methods 10, 1096–1098.
Saito, T., and Nakatsuji, N. (2001). Efficient gene transfer into the embryonic
mouse brain using in vivo electroporation. Dev. Biol. 240, 237–246.
Sarkar, A., and Hochedlinger, K. (2013). The sox family of transcription factors:
versatile regulators of stem and progenitor cell fate. Cell Stem Cell 12, 15–30.
Shih, Y.H., Kuo, C.L., Hirst, C.S., Dee, C.T., Liu, Y.R., Laghari, Z.A., and
Scotting, P.J. (2010). SoxB1 transcription factors restrict organizer gene
expression by repressing multiple events downstream of Wnt signalling.
Development 137, 2671–2681.
Shimojo, H., Ohtsuka, T., and Kageyama, R. (2008). Oscillations in notch
signaling regulate maintenance of neural progenitors. Neuron 58, 52–64.
Surzenko, N., Crowl, T., Bachleda, A., Langer, L., and Pevny, L. (2013). SOX2
maintains the quiescent progenitor cell state of postnatal retinal Muller glia.
Development 140, 1445–1456.
Takashima, S., Gold, D., and Hartenstein, V. (2013). Stem cells and lineages of
the intestine: a developmental and evolutionary perspective. Dev. Genes Evol.
223, 85–102.
Tetsu, O., and McCormick, F. (1999). Beta-catenin regulates expression of cy-
clin D1 in colon carcinoma cells. Nature 398, 422–426.
Tiede, S., Kloepper, J.E., Bodo`, E., Tiwari, S., Kruse, C., and Paus, R. (2007).
Hair follicle stem cells: walking the maze. Eur. J. Cell Biol. 86, 355–376.
Woodhead, G.J., Mutch, C.A., Olson, E.C., and Chenn, A. (2006). Cell-auton-
omous beta-catenin signaling regulates cortical precursor proliferation.
J. Neurosci. 26, 12620–12630.
Zechner, D., Fujita, Y., Hu¨lsken, J., Mu¨ller, T., Walther, I., Taketo, M.M., Cren-
shaw, E.B., 3rd, Birchmeier, W., and Birchmeier, C. (2003). b-Catenin signals
regulate cell growth and the balance between progenitor cell expansion and
differentiation in the nervous system. Dev. Biol. 258, 406–418.hors
